Objective. This study measured the relationship between lesions suggestive of subclinical pig illness at harvest to carcass contamination and human foodborne risk.
Since the passage of the Food and Drugs Act in 1906, the public has agreed that the consumption of healthy food animals is in the best interest of public health. 1 Today, public health risks not detected by traditional visual inspection procedures in the packing plant include chemical or antibiotic residues and foodborne pathogens. The "one medicine" concept, or the close association of the medical and veterinary professions for the health of all species, 2 is often discussed; however, it is unclear how veterinary care specifically impacts public health risks. Accurate quantification of this risk-risk relationship between animal health and public health is essential for effective policy-making.
The risk-risk approach has been applied to some public health issues in the U.S., such as the Environmental Protection Agency's assessment of cancer risk from chlorinated water relative to bacterial risk from nonchlorinated water. 3, 4 To conduct these types of analyses in the food safety arena, the link between animal and human health needs to be measured. Antemortem inspection usually removes clinically ill animals from the human food supply. However, subclinically ill animals appearing healthy at slaughter may have internal lesions affecting processing. These lesions may impact the evisceration process leading to cross-contamination and increased pathogen load. Enterococcus is an indicator of fecal contamination on the carcass. Campylobacter spp. and Salmonella spp. are common human foodborne pathogens, and thus indicate the level of public health risk. Additionally, these lesions often indicate chronic or resolved illnesses in the growing or finishing pig. 5 The objective of this study was to quantify the relationship between lesions detected at slaughter and bacterial carcass contamination.
METHODS
For bacteriological evaluation, we selected carcasses during normal slaughter operations in a modern, vertically integrated pork production company. We swabbed three locations on the carcasses at three different points in the slaughter line: (1) the skin immediately before scald; (2) the bung (pelvic) cavity immediately after removal of the bung (distal colon and rectum) but before evisceration; (3) and the pleural cavity following complete evisceration and immediately prior to final carcass rinse. Because carcasses were not identified at the point of sample collection, it is likely that we did not obtain samples from all three areas on the same carcass; i.e., we took only one sample from one of the three sites per carcass. We obtained data on eight different visits during December 2005 and January 2006, with an average of 328 pigs per group.
In this operation, pigs are marketed from a single barn on two or three separate occasions. The first pigs marketed are those first achieving acceptable weight. We sampled these first pull pigs-the fastest-growing and likely the healthiest-first thing in the morning to minimize cross-contamination among workers, carcasses, and machinery. On Monday, we collected samples from conventional (CON) pigs, and on Tuesday from antibiotic-free (ABF) pigs. CON-raised pigs received antibiotics for disease prevention or treatment, or performance enhancement from late nursery until near slaughter. ABF pigs were raised without performance-enhancing/preventive or treatment antibiotics. Clinically ill animals requiring treatment were moved to separate pens in the same building and were sent to market separate from their ABF cohorts. Management of the two groups, excepting antibiotic treatment, was similar in veterinary care, housing, environment, and feed. Microbiological comparison between ABF and CON pigs was a secondary objective in this study, and is not reported here.
Health indicators
Experienced plant quality assurance (QA) personnel reported cases of the following health indicators per group (a group represented all pigs processed from one barn on that day):
• Abscessed heads: condemned heads due to visible abscesses.
• Peel-outs (pleuritis or adhesions): the pleural lining is removed after evisceration due to adhesions between the pleura and portions of the lung. Portions of the lung were usually attached.
• Fatigued: animals exhibit signs of anaerobic metabolism, including respiratory distress (open-mouth breathing), reluctance to move, or recumbency.
Bacteriology
Specimen collectors wore latex gloves and changed gloves between each sampling. We swabbed the carcasses with Whirl-Pak Speci-Sponges (Nasco, Ft. Atkinson, Wisconsin) swabs hydrated with 10m sterile 0.1% peptone water. For the pre-scald samples, one sponge was used for each carcass. However, for the bung (pelvic) and pleural cavity sampling, one sponge was used for five carcasses-a pooling method commonly used in Denmark to allow for the increased efficiency needed to detect the expected low number of Salmonella spp. positive carcasses. 6 The interior surface of the pelvic, abdominal, and thoracic cavity was swabbed, covering as much area as possible in the short time available, as carcasses were still moving down the line. Sponges were maintained on ice during transport to the laboratory. We minimized differences in storage times between the two groups by immediately transporting samples to the laboratory on Monday and Tuesday afternoons.
In the laboratory, we enriched sponges with 15mL sterile 0.1% peptone water, stomached the sponges (Seward Stomacher 3500, Worthing, West Sussex, UK) for one minute, serially diluted the samples in 0.1% peptone water, and then plated on selective agars for Campylobacter spp., Enterobacteriaceae spp., and Enterococcus spp.
We complied with Nannapaneni 7 in Campylobacter agar (CA) preparation by combining Campylobacter enrichment broth (Bolton formula, LAB 135; J&K Microbiologics, Inc., North Ridgeville, Ohio) with 1.5% agar (Becton Dickinson Microbiology Systems, Sparks, Maryland), mixing Campylobacter selective antibiotic supplement (X132, J&K Microbiologics, Inc.) and 5% lysed defibrinated horse blood (MT 59074; Quad Five, Ryegate, Montana) thoroughly before pouring CA plates. We aseptically spread 100µL of diluted samples onto CA plates in duplicate. The plates were incubated in a Forma Tri-gas incubator (5% O 2 , 10% CO 2 , 85% N 2 ) at 42°C and evaluated at 24 and 48 hours.
To isolate Enterococcus spp., we aseptically spread 100µL of diluted sample onto Enterococcosel ® agar (Difco, Becton Dickinson Microbiology Systems) in duplicate and incubated for 24 hours at 35°C. Similarly, we isolated Enterobacteriaceae spp. by aseptically spreading 100µL of diluted sample onto violet red bile agar with glucose (VRBG, Difco, Becton Dickinson Microbiology Systems) in duplicate (24 hours at 37°C). For Salmonella spp., we enriched the remaining buffer and sponge swab in buffered peptone water, and screened these with an antigen-capture enzyme-linked immunosorbent (Reveal Salmonella; Neogen, Lansing, Michigan) assay to determine presumptive Salmonella spp. positives. Presumptive positive samples were enriched in tetrathionate broth (24 hours at 37°C) and streaked for isolation on XLD agar (24 hours at 37°C). Colonies exhibiting typical salmonella morphology and phenotypic reactions were transferred to Triple Sugar Iron agar (TSI) and Lysine Iron agar (LIA) slants. Colonies showing typical salmonella-like reactions on TSI and LIA were confirmed using the BBL Crystal Enteric/ Nonfermenter ID kit, following the manufacturer's instructions. Salmonella spp. colonies were serotyped at the U.S. Department of Agriculture (USDA)-Animal and Plant Health Inspection Service (APHIS) National Veterinary Services Laboratory.
Statistical analysis
We compared the means of the variables between the CON and ABF groups with t-tests and the Wilcoxon rank sum test. We did not use the nonparametric Chi-square test as it requires combining all the CON samples into a single group, and there was a substantial variance between the observations by replicate. We evaluated the association between health (percent lesions) and contamination (percent of pools positive) with linear regression using bivariate linear regression between all possible pairs of contamination and health. Contamination was the response variable. For the regression, the health and the contamination variables that were percentages (range50-100) were treated as unbounded continuous variables. Because the health and the contamination variable values in the CON group differed substantially from those in the ABF group, we used multivariate regression by forcing the antibiotic use group (ABF or CON) indicator variable into the model. We also utilized multivariate linear regression to determine whether the quantity of bacteria (log of the most probable number) was associated with animal health indicators.
RESULTS
On each visit, 35 carcasses were swabbed at each location (bung [pelvic] cavity, pleural cavity, skin pre-scald). One sponge was used for five carcasses, resulting in seven pools of carcasses swabbed per replicate, except for pre-scald, where only one sponge was used. A total of 280 carcasses over eight replicates were swabbed, resulting in 56 pools for culture. Table 1 shows the results of bacterial contamination by location on the carcass. In Table 1 , n represents the number of carcasses available for swabbing in a particular replicate and the number observed for health indicators ( Table 2) .
Enterobacteriaceae spp. was recovered in a high percentage of the pools, ranging from a mean of 82.1% pre-scald (46/56 pools) to 96.4% (54/56 pools) of bung swabs. Salmonella spp. was recovered in a relatively low percentage of pools, ranging from a mean of 8.9% in both the bung and pleural cavities (5/56 pools) to 17.9% (10/56 pools) pre-scald. Because the level of bacteria on the skin pre-scald is less a measure of food safety and more an indicator of how dirty the pigs are at slaughter, we excluded this pre-scald measure from further analyses.
One experienced plant QA person observed all carcasses (2,625 head) for health-related lesions. Results are shown in Table 2 . The most common lesion identified was the peel-out, with a total of 7.1% (186/2,625 total head). Abscessed heads were found in 1.7% (44/2,625) of carcasses. Antemortem signs of fatigue were recorded in 0.5% (13/2,625) of observed animals. Similar to contamination rates, variations in health status existed between replicates. Table 3 shows a comparison of health and contamination between antibiotic use groups. There was no statistically significant (p0.05) difference in health indicators between groups. While ABF pigs had more abscessed heads than CON pigs (2.7% compared with 0.7%, p=0.06), bacterial contamination was consistently higher in the CON pigs. For only this reason, the antibiotic use group was included as a covariate in the regression models measuring the relationship between health and contamination. Table 4 shows the results for regression analysis between health indicators and percent of carcasses contaminated. Although some confidence intervals (CIs) are estimated as less than zero, all of the predicted Table 1 . Bacterial contamination of swine carcasses at slaughter collected from three different points in the slaughter process: skin pre-scald, pelvic (bung), and pleural cavities a
Number positive out of 7 pools
Organism and location values were within the interval (range50-100). These results indicate that as the percentage of subclinically ill animals (evidenced by peel-outs [pleuritis or adhesions] and fatigue) increases, so does the percentage of carcasses with bacterial contamination. We found the strongest positive relationships between the percentage of peel-outs and Campylobacter spp. contamination in the pleural cavity (β55.7) and between peel-out percent and Enterococcus spp. contamination in the bung (pelvic) cavity (β55.1). In the multivariate model (antibiotic use as a covariate), these relationships were statistically significant (p0.05), as shown by the 95% CIs that do not include zero. We also identified another positive relationship between the percentage of fatigued pigs and Campylobacter spp. contamination in the bung cavity. The Figure graphically shows the relationship between health and contamination: as the percentage of peel-outs in a group increases by 1 percentage point, the pleural Campylobacter spp. contamination increases 5 percentage points, and Enterococcus spp. contamination in the bung increases 4.4 percentage points. We identified negative relationships between bacterial contamination and the percentage of abscessed heads in the group. In the multivariate regression, as the percentage of abscessed heads increased, Campylobacter spp. contamination in the pleura decreased (β5-6.2), as did Enterococcus spp. in the bung (β5-2.5). Neither of these negative correlations was statistically significant in this dataset. Additionally, Table 5 shows statistically significant relationships between the percentage of peel-outs in the group and the quantity (log of the mean colony forming units, log 10 CFU) of Enterococcus spp. present in the bung cavity (β50.38). A positive correlation was also identified between the quantity of Campylobacter spp. in the pleural cavity and the percentage of peel-outs.
DISCUSSION
This study shows a correlation between lesions suggestive of subclinical animal illness and human health risk, as measured by carcass contamination (Campylobacter spp., Enterococcus spp.). 5 The rationale can be understood from the impact of animal health on the evisceration process: antemortem inspection processes typically remove clinically ill animals. However, if disease is not outwardly evident or has resolved, leaving old lesions, these ill animals may go undetected until evisceration. In previous studies, 50% of abnormalities went undetected by European Commission inspection methods. 8 Insufficient or imprecise evisceration was shown to impact the probability of carcass contamination and microbial load more than other processes in slaughter. For example, Enterobacteriaceae spp. contamination increased from 4% to 40% during processing from polishing (beginning) to post-evisceration (end). 8 Dressing, splitting, and meat inspection can account for 85% to 90% of carcass contamination. 9,10 Therefore, lesions affecting evisceration quality will affect public health risk by increasing carcass handling and crosscontamination. Health conditions that affect evisceration quality include peritonitis, pleuritis, adhesions, volume and fluidity of gut contents, gut friability, and any health condition that leads to additional handling (skin lesions, bruises, abscesses, arthritis).
Health indicators
One experienced plant QA person recorded the health indicators used in this study, which reflect organoleptic (assessment by sight and touch) inspection issues that must be addressed in the slaughter process. The definition of a peel-out, or fatigued pig, is specific from a meat-inspection perspective, but is not a specific veterinary pathological diagnosis. The precise pathological meaning of the indicators needs to be defined. The Figure. Relationship (multivariate linear regression) between percentage of peel-outs and carcass contamination with Campylobacter spp. in the pleura (%Campy PL) and Enterococcus spp. in the bung cavity (%Ecocc B) in pig carcasses cultured during processing 13 fatigued pigs in this study exhibited signs of breathlessness and difficulty in moving. After additional rest in the pens, they were ambulatory, and passed USDA Food Safety and Inspection Service (USDA:FSIS) veterinary inspection for normal slaughter. Future research should better define the specific pathological diagnosis of these health indicators. Research has shown that pathology in the thorax, such as pleuritis and adhesions, is likely due to respiratory disease earlier in life. 5 Carcasses requiring a peel-out typically have portions of the lung attached to the pleura. Although fatigue and peel-outs are indirect measures of pig health, both of these variables were correlated with an increased amount of bacterial carcass contamination, and thus warrant further exploration.
The objective of this study was not to compare ABF and CON pigs. These groups were studied as part of an objective, reported elsewhere, to compare antibiotic resistance patterns. 11 Given the data collected, comparison between these two groups is tenuous. Although ABF and CON animals were raised with similar management, feed, and housing, ABF pigs likely represent a different population than CON pigs. The ABF group included only faster-growing animals that were never treated with any antibiotic, representing the "best of the best." Ill animals in the ABF group were removed from that group and treated, remaining in separate pens until slaughter. CON pigs may have received previous treatment for clinical illness. Consequently, in these data, comparison of health parameters between ABF and CON is to be avoided, especially without more detailed data such as morbidity/mortality rates, rate of gain, and feed efficiency. However, due to the higher contamination rates in the CON group, this variable proved to be an important confounder in our regression models. 
Bacterial contamination
The locations tested for contamination (bung [pelvic] and pleural cavities) reflect two temporal extremes of the slaughter process and the carcass itself. The bung cavity was swabbed early in processing, while the pleural cavity was swabbed at the end of the slaughter process, when the carcass represents a near-final product entering the cutting and fabrication process. Higher levels of Enterococcus spp. contamination might be expected in the bung, which lies in close proximity to the anal orifice. However, Campylobacter spp. have been recovered from tonsils, stomach, ileum, cecum, colon, and lymph nodes. 12 The association between pathology, such as peel-outs and Campylobacter spp. contamination, does not suggest that Campylobacter causes swine respiratory disease. Passive inhalation of scald water has been implicated in contamination of the lungs. Tearing of the lungs during evisceration may allow that passive contamination onto the pleura. 13
Regression relationships
We describe relationships in these data between percent of a group of pooled samples and percent health lesions observed in a truckload of pigs. Sample pooling is an efficient means to test more carcasses, which can be used to estimate individual carcass prevalence of Salmonella spp. 5 However, in this study, we compared the percent positive pools rather than estimating carcass prevalence. The statistical results reflect the relatively lower power of only seven observations (pools) per replicate. Therefore, it is noteworthy that statistically significant correlations were detected with such a small study. The health measures, such as peel-outs, are not specific veterinary pathological diagnoses; however, if there is any misclassification, it would have occurred nondifferentially, among the contaminated and noncontaminated carcasses.
The linear regression models suggest that for every percentage point increase in lesions, there is a 4 to 5 percentage point increase in contamination. The Figure and the CIs in Tables 4 and 5 show the uncertainty around these predicted increases. This uncertain information can be used in risk-risk models to estimate the impact of veterinary care on human health risk.
While it is unclear why bacterial contamination rates were so much higher in the CON group (Table 3) , multivariate analysis with antibiotic use as a covariate adjusted for this observation. Therefore, the multivariate regression coefficients shown in Table 4 illustrate the relationship between health and contamination, even though contamination in CON pigs was higher.
An insignificant negative association was noted between abscessed heads and bacterial carcass contamination (Table 4) . A head was condemned if there were visible abscesses (pockets of inflammatory cells in areas such as muscles or lymph nodes). Carcasses with visible head abscesses were more likely to be removed from the processing line for further inspection or condemnation. Given our study design, these carcasses would not be available for bacteriological examination at either the bung or pleural locations, producing a negative association.
While a few studies have reported minimal correlation between lesions and pathogen contamination within the lesion, 14, 15 these studies use a different method. They focused on detecting the pathogen in the lesion site, not on apparently healthy parts of the carcass.
Public health implications
Implications to human health found in this study build on the assumption that swine carcass contamination is a reasonable proxy for human health risk. USDA: FSIS inspection standards accept this assumption. The prevalence of Salmonella positive swine carcasses is the standard for meeting Hazard Analysis and Critical Control Point requirements. 16 In Denmark, goals for swine Salmonella control are set relative to carcass contamination rates, and the same standards are used in the European Union community. 17 Careful modeling of the swine slaughter process corroborated this assumption. Both Dutch and Danish scientists report that reducing carcass contamination is the most effective way to reduce public health risk. [18] [19] [20] [21] Notably, some of these studies reported that control methods after carcass rinse (e.g., fabrication and cutting) would not be effective due to additional cross-contamination. 18 
CONCLUSION
This study gives a preliminary indication of a risk-risk relationship between animal and human health, which has been explored by others. Russell showed that decreased poultry health at processing increases the probability of carcass contamination with Campylobacter spp. and Salmonella spp. 22 Others have shown that small changes in animal health can have large impacts on the number of foodborne illness days, even when adjusting for the hypothetical increase in illness days from resistant infections. 23, 24 If the findings from this study can be supported by further research and repetition, then human foodborne illness risk is impacted by swine health. Therefore, animal management decisions onfarm-such as housing, antibiotic use, environment, and veterinary care-directly impact public health.
